Abstract During embryonic development, melanoblasts, the precursors of melanocytes, emerge from a subpopulation of the neural crest stem cells and migrate to colonize skin. Melanomas arise during melanoblast differentiation into melanocytes and from young proliferating melanocytes through somatic mutagenesis and epigenetic regulations. In the present study, we used several human melanoma cell lines from the sequential phases of melanoma development (radial growth phase, vertical growth phase and metastatic phase) to compare: (i) the frequency and efficiency of the induction of cell death via apoptosis and necroptosis; (ii) the presence of neural and cancer stem cell biomarkers as well as death receptors, DR5 and FAS, in both adherent and spheroid cultures of melanoma cells; (iii) anti-apoptotic effects of the endogenous production of cytokines and (iv) the ability of melanoma cells to perform neural trans-differentiation. We demonstrated that programed necrosis or necroptosis, could be induced in two metastatic melanoma lines, FEMX and OM431, while the mitochondrial pathway of apoptosis was prevalent in a vast majority of melanoma lines. All melanoma lines used in the current study expressed substantial levels of pluripotency markers, SOX2 and NANOG. There was a trend for increasing expression of Nestin, an early neuroprogenitor marker, during melanoma progression.
Most of the melanoma lines, including WM35, FEMX and A375, can grow as a spheroid culture in serum-free media with supplements. It was possible to induce neural transdifferentiation of 1205Lu and OM431 melanoma cells in serum-free media supplemented with insulin. This was confirmed by the expression of neuronal markers, doublecortin and b3-Tubulin, by significant growth of neurites and by the negative regulation of this process by a dominantnegative Rac1N17. These results suggest a relative plasticity of differentiated melanoma cells and a possibility for their neural trans-differentiation without the necessity for preliminary dedifferentiation. 
Introduction
Significant progress has been made during the last 15 years in new molecule targeted therapies for treatment of advanced cancers, including melanomas. There are several dominant genetic alterations during melanoma carcinogenesis: (i) BRAF and NRAS gene mutations [1] [2] [3] , which were found in nearly 50-60 and 20 % of melanomas, respectively; (ii) deletion of the CDKN2A locus, which encoded two tumor suppressor proteins, p16 INK4a and p14 ARF , was found in up to 50 % of melanomas [4] ; (iii) deletion or mutation of PTEN, an endogenous inhibitor of PI3K-AKT, was found in 20 % of melanomas [5] ; (iv) finally, mutations of TP53 were found in 19 % of melanomas [6] . Small molecule inhibitors, such as vemurafenib, suppress permanently active mutated BRAF that results in the arrest of proliferation and the subsequent death of melanoma cells in vitro and in vivo during patient treatment [1, 7] . A complementary approach to improve the survival of patients with metastatic melanoma is based on the usage of immune-stimulating monoclonal antibodies, which suppress endogenous inhibitors of the immune response: ipilimumab that blocks CTLA-4 [8] and nivolumab that blocks PD-1 receptor [9] . Unfortunately, tumor relapse frequently follows within several months in patients treated with specific molecule inhibitors or after immunostimulation [10, 11] .
Resistance of melanoma to therapy is, in general, a result of Darwinian selection among the strongly heterogeneous population of cancer clones with dramatic genomic instability [12] , which is accompanied by genetic, epigenetic or microenvironmentally regulated suppression of proapoptotic signaling pathways in these clones in concert with overactivation of the prosurvival and proliferative pathways [13] . Typical examples of the selective pressure for cancer cell survival are overactivation of CRAF after stable inhibition of BRAF [14] and overactivation of STAT3 in the case of use of MEK-ERK inhibitors in melanoma cells [15, 16] . Such compensatory mechanisms for reestablishing activity of critical signaling proteins and enzymes in cancer cells after treatment could be based on metabolic regulation, crosstalk in the cell signaling networks or, finally, on gene mutations. Comprehensive analysis of a landscape of driver mutations in melanoma indeed revealed several novel mutations, including RAC1 P29S (4-9 % of patient's melanomas) that confers resistance to pharmacological inhibition of BRAF [6, 17] .
Additionally, a role for activation of Notch1 signaling in promoting resistance to MAPK inhibitors in BRAF V600K mutated cells was highlighted [18] . Hence, a suppression of tumor cell proliferation/survival through combined inhibition of distinctive signaling pathways [19] , as well as reestablishing of effective induction of cell death in resistant metastatic melanoma cells appear to be a predominant therapeutic goal. Selection pressure for cancer cell survival may target signal-dependent regulation of gene expression and epigenetic control mechanisms that often precede somatic mutations, which could in turn affect the similar downstream functions. On the other hand, stochastic mutagenesis in dividing cells, especially in conditions favorable to genomic instability, might be the main factor of the creation of somatic clones with numerous mutations, including driver mutations, which predetermine the cell malignancy [20] .
However, the original stochastic model of somatic mutagenesis and selection of cancerous clones [12] was challenged by elucidation of cancer initiating cells, which in many cases are close relatives to normal stem cells. The alternative ''hierarchical'' model suggests that genomic instability at the levels of the self-renewal and differentiation of stem or precursor cells may result in their neoplastic conversion into cancer initiating cells or ''cancer stem cells'' [21, 22] . According to this model, a tumor at the state of progression is composed of cell subpopulations in different phases of differentiation as a large group of rapidly dividing differentiated cells and a relatively small group of slowly dividing cells with a stem cell-like phenotype. Extensive investigation of cancer initiating cell subpopulations in different types of tumors revealed, however, that the percentage of cancer initiating cells among the total number of cancer cells exhibit a dramatic variation from 0.1 % to almost 100 % [22, 23] .
The existence of melanoma initiating cells or ''melanoma stem cells'' has also been suggested for this type of cancer [24, 25] . However, it still remains a controversial problem [26, 27] due to a strong variation in the percentage of cancer initiating cells in different melanoma lines and patient's samples, in addition to uncertainty in the specificity of biomarkers. Melanoma initiating cells could be identified via expression of different biomarkers such as CD133, ABCB5, NGFR, SOX10, CD20, CD166, and some others [28] [29] [30] [31] [32] . However, there is no final consensus on this subject. Therefore, further elucidation of molecular mechanisms underlying the regulation of melanocyte stem cells (melanoblasts) and their possible linkage with the melanoma initiating cells are especially important for the development of novel therapeutic strategies for melanocyte malignancy.
Cancer progression and development, including melanoma, are tightly linked with the regulation of cell death.
Programmed death of normal and cancer cells is executed via two main mechanisms, apoptosis and programmed necrosis (or necroptosis), which are modulated by numerous genetic, epigenetic and metabolic regulators (including misfolded protein stress, macroautophagy and mitophagy) that finally result in positive or negative effects on survival of normal and cancer cells. The significance of the induction of apoptosis (in its two forms, the exogenous death ligand/death receptor-dependent and the endogenous mitochondria-dependent death signaling pathways) to cure cancer is well established [6, 13, 33, 34] , while a role for regulated necrosis [35, 36] in cancer cells is still unknown since it is not completely investigated. In the present study, we used several human melanoma cell lines from the subsequent phases of melanoma development (radial growth phase, vertical growth phase and metastatic phase) [37] , to compare: (i) frequency and efficiency of the induction of cell death via apoptosis and necroptosis; (ii) the presence of neural and cancer stem cell biomarkers as well as death receptors, DR5 FAS and TNFR1, in adherent and spheroid cultures of melanoma cells; and iii) the ability of melanoma cells to perform neural trans-differentiation.
Results
Expression of regulators of pluripotency and neural stem cell biomarkers in human melanoma lines from the subsequent phases of cancer development
In the present study, we used eight well-characterized melanoma cell lines (Fig. 1a) that were isolated from different phases of melanoma progression [38, 39] with established BRAF and PTEN status [16, 40] ; see also a table of melanoma lines with BRAF and PTEN status by M. Herlyn (http://www.wistar.org/lab/meenhard-herlyndvm-dsc/page/melanoma-cell-lines-0). Embryonic neural stem cells (NSC), which are in close relation to neural crest stem cells (NCSC), the ancestors of melanoblasts, have been used as reference cells with high levels of expression of master regulators of pluripotency, such as SOX2 and NANOG, and stem cell biomarkers, CD133 and NGFR (Fig. 1b, c) . Most of NSC are positive for FAS and TRAIL-R2/DR5 (Fig. 1b) that could be involved in the initiation of death signaling cascades and, alternatively, under specific circumstances in protective signaling in cancer stem cells [41] . NSC are commercially available and could be easily cultured in serum-free media supplemented with EGF (20 ng/ml), FGF2 (20 ng/ml) and insulin (5 lg/ml). Melanoblasts are known as potentially multipotent cells that could differentiate not only into melanocytes but occasionally into neurons and glial cells [42] . U87MG glioblastoma was used as an additional reference cancer cell line with well-established characteristics of gene expression and malignancy. All eight melanoma lines exhibited high protein expression levels of SOX2, with preferential nuclear and perinuclear localization (Fig. 1c) . However, Nestin, an early neuroprogenitor marker, was almost completely absent in WM35 radial growth phase (RGP) melanoma cells and was present approximately in 40 % of WM793 vertical growth phase (VGP) melanoma cells (Fig. 1c, d ). 1205Lu cells, which were established using a lung metastasis developed in nude mice with human WM793 xenotransplant [43] , demonstrated 100 % presence of Nestin. Furthermore, all metastatic melanoma lines used in the current study exhibited high Nestin expression. However, Nestin was not detected in U87MG glioblastoma cells that were positive for SOX2 protein expression (Fig. 1c) .
Next we performed a broader comparison of WM35, WM793 and WM9 human melanoma cells, which represented RGP, VGP and metastatic phases, respectively, for the presence of pluripotency markers and critical signaling proteins ( Figs. 1 and 2 ). NSC was again used as reference line. High levels of SOX2 and pronounced levels of NANOG protein expression were detected in these cell lines (Fig. 2a,  d ). Variable levels of other important transcription factors, such as NF-jB (total and active phosphorylated forms) and STAT3, as well of signaling kinases MAPK p38, ERK1/2 and AKT (total and active forms) were revealed by Western blot assay (Fig. 2d) . High levels of phospho-ERK were detected in confocal images of WM9 cells, while the heterogeneous distribution of phospho-ERK among WM793 cells with low, intermediate and high kinase levels was observed. WM35 cells demonstrated low to average levels of basal phospho-ERK and very low, almost undetectable levels of Nestin (Fig. 2a, b) . After total protein isolation, decreased basal levels of phospho-ERK (normalized to total ERK and total protein level) were observed in WM35 cells lines using Western blot assay (Fig. 2d) . Constitutive activity of ERK in melanoma cells is regulated at two levels (i) via permanently active mutated BRAF and (ii) via inducible activation of growth receptor tyrosine kinases resulting in high levels of CRAF and ERK activity in metastatic melanoma cells [44] . This results in different levels of ERK activity in three melanoma lines, WM35, WM793 and WM9, which have BRAF V600E.
NGFR, a lineage marker of neural crest stem/progenitor cells and melanoma initiated cells [28] , was expressed on the surface of a vast majority of WM793 (VGP) and metastatic WM9 cells, but was revealed only at low levels in WM35 (RGF) cells and NSC (Fig. 2c) . In contrast, CD133, a potential marker for several types of cancer stem cells, was present at high surface levels in a majority of NSC, modestly on the WM35 surface and as a minor subpopulation (only 1 %) with low surface levels in WM793 and WM9 cells (Fig. 2c) . Similarly, TNFR1 and TNFR2 demonstrated intermediate levels of surface expression in NSC, while these receptors were poorly detectable on the surface of melanoma lines (Fig. 2c) . After cell permeabilization with 0.5 % NP40, however, high intracellular levels of TNFR1 and other receptors, including CD133 and NGFR, were revealed in WM35 and WM9 cells (see Fig. 3a, b) . Both TNFR1 (TNFRS1A) and NGFR (TNFRSF16), members of the Tumor necrosis factor receptor superfamily, possess a similar (initiation of cell death signaling) and numerous specific features linked to signal-dependent regulation of gene expression [45] .
We used the exogenous recombinant TNFa (20 ng/ml) alone or in combination with cycloheximide (CHX, 1 lg/ml) for death induction in WM35 and WM9 melanoma cells. TNF-mediated apoptosis was previously observed at prominent levels in human NSC [46] . Pronounced levels of apoptosis in melanoma cells were detected only after combined treatment, suggesting increased availability of TNFR1 for the exogenous TNFa in the presence of CHX. Pan-caspase inhibitor zVAD-fmk (40 lM) partially suppressed TNF and CHX induced apoptosis and levels of total death (Fig. 2e, f) . In contrast, the presence of Necrostatin-1 (40 lM), which inhibited RIP1 kinase activity and programed necrosis, partially decreased levels of total cell death in NSC, but not in WM35 and WM9 melanoma cells. It indicated a parallel development of necroptosis and apoptosis in NSC and the apparent absence of necroptotic commitment in WM35 and WM9 cell after TNF?CHX treatment (Fig. 2f ). Interestingly, a permeabilization of WM35 and WM9 melanoma cells (which were cultured in complete media containing 10 % FBS) with 0.5 % NP40 followed by immunostaining and FACS analysis demonstrated high intracellular pools of NGFR, TNFR1 and CD133 in two melanoma lines, while the vast majority of DR5 (TRAIL-R2) was already located on the cell surface (Fig. 3a , B and not shown). This was correlated with high sensitivity of these melanoma lines to TRAIL-induced apoptosis. WM35 cells, similar to NSC, formed spheroids in serum-free media supplemented with FGF2 (20 ng/ml), EGF (20 ng/ml) and insulin (5 lg/ml) (Fig. 3c, d ), and were able to further grow as a spheroid culture. In contrast, WM9 metastatic melanoma formed two subpopulations of floating (live and dead) and adhering (live) cells in serumfree media, but most of the cells finally died after 8 days in these conditions (Fig. 3d) . Additionally, WM35 spheroids demonstrated decreased surface expression of DR5 and acquired resistance to TRAIL-mediated apoptosis, factors in NSC (1) and specified melanoma lines (2-4). e Cell cycleapoptosis analysis of WM35 and WM9 melanoma cells after treatment with cycloheximide (CHX) 1 lM, TNFa (20 ng/ml), zVAD (40 lM) alone or in combination. 48 h after treatment, cells were stained with PI and analyzed by the flow cytometry. f Total death levels were determined by Trypan blue exclusion assay. Pooled results of four independent experiments with indicated treatments are shown for NSC, WM35 and WM9 cells. zVAD, 40 lM and Necrostatin (Necro), 40 lM were used. Error bars represent mean ± SD (p \ 0.05, Student's t test). Stars and triangulars indicate significant differences compared to cells that were cultured in the complete media (Fig. 3e, f) . In contrast, low surface, but high total expression of TNFR1 in WM35 spheroids maintained relatively stable levels of TNF-mediated apoptosis (Fig. 3f) . We hypothesized that the WM35 early melanoma cell population was enriched by potential cancer initiating cells, which became more evident in stress conditions, such as apoptotic commitment or growth as a spheroid culture in serum-free media. Indeed, previously published data demonstrated increased tumorigenicity of WM35 cells from spheroid culture, compared to the WM35 adherent culture [47] .
The integrity of mitochondria in the cell and general cell survival are strongly dependent from two signaling pathways PI3K-AKT and IKK-NF-jB [48, 49] . Furthermore, IKK-NF-jB pathway controls expression of numerous genes, including genes encoding proinflammatory cytokines, TNFSF1A (TNFa), IL6 and IL8, and COX2 [48, 50] . Since PTEN, an endogenous inhibitor of PI3K-AKT pathway, is frequently mutated/deleted in melanomas [3] , the basal AKT activity could be well pronounced in melanoma lines. To elucidate the possibility of the induction of mitochondrial death pathways in NSC and WM35 or WM9 melanoma cells, we used a strong proapoptotic potential of combined inhibition of these main survival pathways by small molecule inhibitors of IKKb-NF-jB (BMS345541) and PI3K-AKT (LY294002) (Suppl. Figure 1) . We recently observed high levels of apoptosis induced by such treatment in glioblastoma cells [51] . A combination of BMS345541 and LY294002 (40 lM) induced pronounced levels of apoptotic and total death in NCS 48 h after treatment. As expected, zVAD-fmk, a pancaspase inhibitor (40 lM), suppressed apoptotic death and increased NSC survival. In contrast, necrostatin cotreatment did not affect cell death levels (Suppl. Figure 1a , b). Interestingly, combined treatment by inhibitors had a dramatic effect on the induction of apoptosis in metastatic WM9 cells, but only modest effects in the primary WM35 c Spheroid formation by WM35 cells in serum-free media supplemented with FGF2 (20 ng/ml), EGF (20 ng/ml) and insulin (5 lg/ml). Phasecontrast images are shown. d NSC (control) and WM9 melanoma cells after 6 days of incubation in the similar serumfree media with supplements. e Surface expression of indicated receptors on WM35 cells after cell culture growth in two types of media. f Apoptotic levels after treatment of WM35 cells that were grown on the complete (WM35) or serumfree media with supplements (WM35-SF). Apoptosis was induced by combination of TRAL (50 ng/ml) ? CHX (1 lg/ml) or TNFa (20 ng/ml) ? CHX. Levels of apoptosis were determined using PI staining and cell cycle-apoptotic analysis. Error bars represent mean ± SD (p \ 0.05, Student's t test). Stars indicate significant difference cells (that were even less pronounced than effects in NSC) (Suppl. Figure 1c-e) . A substantial difference between RGF WM35 and metastatic WM9 melanoma cells in the response to IKK-NF-jB inhibition appears to reflect a distinctive role for inflammatory gene expression [52] during melanoma progression. Caspase inhibitor zVADfmk (rather than Necrostatin-1) substantially downregulated levels of total and apoptotic death in WM9 cells (Suppl. Figure 1c-e) . SB203580, a MAPK p38 inhibitor, did not change the proapoptotic effects of BMS345541 in both WM35 and WM9 cells (Suppl. Figure 1d) . Taken together, the data obtained demonstrate a prevalence of apoptotic versus necroptotic response in WM9 melanoma cells after treatment with the indicated inhibitors. In contrast, WM35 cells exhibited pronounced resistance to apoptotic and necrotic death in these conditions.
WM793 and FEMX melanoma cells with low metastatic potential: regulation of cell death and stemness
We additionally performed a comparison of WM793 (VGP; BRAF V600E) and FEMX (low metastatic; BRAF wt) melanoma cells, which have previously demonstrated functional and metabolic similarity [53] . Both WM793 and FEMX cell lines exhibited high levels of SOX2 expression with a preferential nuclear localization, and already mentioned a substantial difference in levels of Nestin expression and its location (Figs. 1c and 4a) . We hypothesized that the WM793 cell population consisted of two subpopulations of the ''early'' (Nestin-negative) and ''more mature'' (Nestin-positive) cells. High levels of phospho-ERK are colocalized with Nestin-positive WM793 cells (Fig. 4a) . In contrast, all FEMX cells were Nestin-positive with relatively low Nestin levels in the cell bodies and with pronounced localization of Nestin in the cell neurites. Furthermore, CD133 and COX2 protein expression was almost undetectable in WM793 cells, while it was easily detected in the FEMX cells (Fig. 4a) . The difference in total CD133 expression levels between two melanoma lines was really striking. FACS analysis also revealed a difference in surface receptor expression in WM793 versus FEMX cells (Fig. 4b) . Indeed, surface expression levels of CD133 could be detected in 9 % FEMX and 2 % WM793 cells. Total levels of CD133 (after cell permeabilization) were substantially higher in FEMX cells compared to WM793: 19 % positive cells with 29 MFI and 3 % positive cells with 15 MFI, respectively (Fig. 4b, c) . On the other hand, EGFR and NGFR surface expression was significantly downregulated in FEMX, compared to WM793 cells (Fig. 4b) . It should be mentioned that the FEMX cell population represented a combination of multiple clones, and prolonged selection allowed to isolate both low metastatic and high metastatic subpopulations [54] .
We addressed probable differences in the induction of distinct cell death pathways in WM793 and FEMX melanoma lines. First, we investigated regulation of cell signaling pathways in WM793 and FEMX cells by small molecule inhibitors, BMS345541 and LY294002 (40 lM), 4-8 h after treatment (Fig. 5a, b) . Certain differences in SOX2 protein levels, but relatively similar levels of NANOG were observed in WM793 compared to FEMX cells before and after the indicated treatment. Combined treatment by BMS345541 and LY294002 increased protein expression of SOX2 in both melanoma lines. Second, there was an asymmetry in action of these inhibitors: LY204002 alone and, especially, in combination with BMS345541 decreased levels of phospho-AKT in WM793 cells, but not in FEMX cells 4 h after treatment. On the other hand, both BMS345541 and LY204002 alone or in combination efficiently decreased the ratio of phospho-IKK/total IKK, while the ratio of phospho-p65/total p65 NF-jB did not reflected changes in IKK activity (Fig. 5a ). On the other hand, ERK1/2 activity increased upon suppression of AKT and IKK in WM793 cells. Treatment with BMS345541 alone strongly increased p53 protein levels (Fig. 5a ). Activation of Capase-9 and Caspase-3 via specific cleaved forms and Capase-3-dependent inactivation of PARP-1 by its cleavage were modestly induced after treatment with LY204002 alone and dramatically increased after combined treatment with LY204002 and BMS345541 in WM793, but not in FEMX cells (Fig. 5a) . A similar picture of PARP-1 cleavage was also observed 8 h after combined treatment (Fig. 5b) . In contrast, high protein expression of cFLIP p55 and p32 was observed in FEMX, but not in WM793 cells (Fig. 5a) .
To determine the extent of the induction of apoptosis and total cell death in WM793 and FEMX melanoma cells after small molecule inhibitor treatment, we used several approaches: (i) cell cycle-apoptosis analysis of PI stained nuclei 48 h after treatment followed by flow cytometry (Fig. 5b ; Suppl. Figure 2b) ; and (ii) detection of levels of total death using Trypan blue staining and light microscopy ( Fig. 5d, e) ; (iii) the pan-caspase inhibitor zVAD (40 lM) was used to further confirm the involvement of caspase-dependent apoptotic signaling pathways. Results of cell cycle-apoptosis analysis (48 h after treatment) clearly demonstrated the protective effects of zVAD, but not Necrostatin-1 (both at dose 40 lM) on apoptotic death induced by a combination of BMS345541 and LY294002 ( Fig. 5b; Suppl. Figure 2b) . Non-efficient suppression of AKT activity by LY204002 alone or in combination with BMS345541 in FEMX cells correlated with their resistance to proapoptotic treatment (Fig. 5b) . Finally and surprisingly, total levels of cell death induced by BMS345541 and LY294002 alone or in combination were significantly decreased in FEMX but not in WM793 cells by Necrostatin-1 (Fig. 5c ). This indicates involvement of necroptosis in the induction of death of FEMX cells. Levels of RIP1, a critical signaling kinase for induced necroptosis, were substantially higher in FEMX cells compared to WM793 cells based on immunostaining and confocal microscopy (Fig. 4a , the bottom panel) or Western analysis (Fig. 5a) .
Since Western blotting also demonstrated an upregulation of MAPK p38 levels by BMS345541 (Suppl. Figure 2a) , we additionally used a combination of BMS345541 and SB203580 (an inhibitor of p38) for upregulation of apoptosis in melanoma cells. Combined treatment with these inhibitors further increased apoptotic levels in WM793, indicating a prosurvival role for both IKKb and MAPK p38 (Suppl. Figure 2b) . As expected, the presence of zVAD decreased apoptotic levels induced by these inhibitors. In general, combined treatment with BMS345541 and LY294002 demonstrated strong deathinducing effects via apoptosis and/or necroptosis in some melanoma lines, such as WM9 and WM793 and several others, but was not a universal inducer of high levels of cell death for other melanoma cells, such as WM35 or FEMX, probably due to a compensatory activation of alternative pathways.
In contrast, TRAIL in combination with CHX effectively induced TRAIL/DR5-mediated apoptosis and upregulated total death levels in both WM793 and FEMX cells, due to evident surface expression of DR5/TRAIL-R2 (Suppl. Figure 2c, d) . Since both WM793 and FEMX cells produce and secrete IL8 at high levels (Fig. 2e) , we added anti-IL8 inhibitory antibody (5 lg/ml) before initiation of TRAIL-mediated apoptosis. Apoptotic levels were notably increased in these conditions (Suppl. Figure 2f ). This highlights an anti-apoptotic role for endogenous IL8 secretion in melanoma cells. Interestingly, TRAIL?CHX induced relatively similar levels of apoptosis in WM793 and FEMX cells, in spite of increased levels of cFLIP (p55, p32 and p25) in FEMX cells (Fig. 5a ). Since FEMX cells possess substantially higher levels of RIP1 (Figs. 4a and 5a), we decided to evaluate induction of necroptosis in FEMX cells using the canonical TNFa?CHX treatment.
We previously observed efficient induction of both apoptosis and necroptosis by TNFa?CHX in NSC, which possess high surface expression of TNFR1/2 (Fig. 2c) . However, TNFR surface expression was detected at low levels in most melanoma lines. In contrast, total intracellular levels of TNFR1 in WM793 and FEMX cells were relatively high (Fig. 6a) . Both melanoma lines expressed RIP1, with the highest levels in FEMX (Figs. 4a and 5a) . Cell cycleapoptosis analysis demonstrated substantial levels of TNF?CHX induced cell death in WM793 and FEMX melanoma cells, which, however, were not suppressed until the basal levels of cell death in the presence of zVAD in FEMX cells (Fig. 6b, c) . On the other hand, Necrostain-1 (40 lM), an inhibitor of RIP1 kinase activity and necroptosis, substantially downregulated levels of total death induced by TNF?CHX combination in FEMX, but not in WM793 cells (Fig. 6d) . These data demonstrated a prominent TNF-induced necroptosis in FEMX cells.
We further compared the capacity of WM793 and FEMX cells to form spheroid cultures and to grow in serum-free media supplemented with EGF, FGF2 and insulin (Fig. 7) . FEMX cells could effectively form spheroids, while WM793 started to die in these condition 4 days after media transfer (Fig. 7c, d) . Interestingly, surface expression of receptors (NGFR, DR5 and CD133) was decreased in serum-free media (Fig. 7a, b ) and was correlated with decreased levels of TRAIL-mediated death of FEMX cells 24 h after treatment by TRAIL?CHX, while levels of TNF-mediated apoptosis were not changed (Fig. 7e ). An additional ability for survival of FEMX cells in stress conditions was probably correlated well with pronounced endogenous COX2 expression, which is critical for prostaglandin E2 (PGE2) production followed by the autocrine and paracrine activation of PGE2-EP2/4 signaling pathway [55] . NF-jB-dependent COX2 expression could be further upregulated by exogenous TNFa (Fig. 7f) . [56, 57] .
Metastatic 1205Lu, A375, HHMSX and OM431 melanoma cells: biomarkers, stemness, resistance to apoptosis and ability for trans-differentiation As mentioned above, the 1205Lu melanoma line was established using a lung metastasis originated from human xenotransplant of WM793 melanoma cells in a nude mouse [43] . Similarity and differences between the primary WM793 cells and metastatic 1205Lu cells in signaling pathways and apoptotic resistance were previously described [53, 58] . One of the new differences discovered in the current study was levels of Nestin protein expression in these melanoma lines: there were two subpopulations (negative and positive for Nestin) in WM793 and quite homogenous distribution of Nestin in the 1205Lu cell population (Figs. 1b and 2a, b) . The basal phospho-ERK demonstrated preferentially cytoplasmic location in both lines (Figs. 2b and 8a ). As we also demonstrated above, all metastatic melanomas used in the present study, including A375, were Nestin-positive with pronounced levels of Nestin and SOX2 (Figs. 1c, d and 8a ). 1205Lu cells expressed substantial levels of NGFR, TNFR1, FAS and DR5 on the cell surface, while the A375 cell line demonstrated surface expressing of NGFR and TNFR1 only among subpopulations of cells (Fig. 8b, c and e) . Surface expression of CD133 was quite noticeable in 1205Lu but not seen in A375 cells. Surprisingly, A375 spheroid cultures could grow in serum-free media with supplements, while 1205Lu cells did not produce spheroids in these conditions. Instead, 1205Lu cells survived and could continue differentiation as an adherent culture (see Suppl. Figure 4) . Interestingly, the levels of surface expression of several receptor proteins were not really decreased in A375 spheroid culture (Fig. 8e) . These receptor proteins were also maintained in 1205Lu cells at relatively equal levels in both the complete media and serum-free media (data not shown). This correlated with the high levels of receptor-mediated cell death (via DR5 or FAS) for both melanoma lines independently of growth media; at the same time, TNF-induced death was substantially higher in 1205Lu cells (Fig. 8g) due to efficient surface expression of TNFR1 (Fig. 8b) and was executed via the apoptotic pathway.
Two additional metastatic lines, OM431 ocular melanoma and HHMSX melanoma also expressed SOX2 and Nestin in concert with phospho-ERK and STAT3 (Suppl. Figure 3A) . One third of the OM431 cell population was positive for surface NGFR, which was present, however, at high levels inside the cells. The modest level of surface expression was characteristic for FAS, while TNFR1, DR5 and CD133 were barely detectable on the cell surface, even though they were present inside OM431 cells at high or intermediate levels (Suppl. Figure 3B and C) . On the other hand, HHMSX cells had very low levels of surface Figure 3B ).
Both OM431 and HHMSX cells could grow in serumfree media with supplements, and produced irregular spheroids (Suppl. Figure 3A , the bottom panel); OM431 spheroids contained decreased levels of surface receptor proteins (Suppl. Figure 3C ). The native OM431 and HHMSX cells only slightly responded to FasL-or TRAILinduced apoptotic signaling. However, TNF?CHX could induce low to average levels of total cell death in HHMSX and OM431 and this could be partially suppressed by either zVAD or Necrostatin-1. This demonstrated a mixed type of cell death signaling that resulted in both apoptosis and necroptosis in OM431 cells (Suppl. Figure 3D ). Taken together, our data demonstrated that well pronounced necroptosis was induced by a combination of TNF and CHX in parallel with apoptosis in NSC as well as in FEMX and OM431 melanoma cells. All three lines expressed high levels of RIP1 (Fig. 5a and data not shown) and total TNFR1, which was detected on the cell surface of NSC, but mostly inside FEMX and OM431 cells.
Growth and differentiation of melanoma cell lines in serum-free media with supplements
Suppl. Figure 4 demonstrates a summary picture of the ability of melanoma cells to grow as spheroid cultures in serum-free media supplemented with EGF (20 ng/ml), FGF2 (20 ng/ml) and insulin (5 lg/ml). Interestingly, classic spheroid structure was characteristic of WM35 melanoma cells. Low-metastatic FEMX cells could also grow as spheroids composed of relatively small numbers of cells. WM793 and WM9 cells died several days after transfer to serum-free media. OM431, A375 and HHMSX cells produced irregular spheroid cultures also containing cell suspension. Finally, 1205Lu adherent cells continued a process of differentiation. HHMSX spheroid structures were attached to dish's matrix in serum-free media. Hence, the ability to grow as a spheroid culture was a characteristic feature for several melanoma lines used. Most of melanoma lines did not notably increase the percentage of CD133-positive cells after culturing as spheroids with but one exception: HHMSX spheroids in serum-free media supplemented with insulin (independently of the presence of the exogenous EGF and FGF2) demonstrated an increase in the levels of CD133-positive cells (Suppl. Figure 5d , e). Increasing expression of CD133 in HHMSX cells is reminiscent of the upregulation of CD133 expression in spheroids of U97MG glioblastoma [51, 59] .
Transfer to more restricted conditions, the serum-free media supplemented only by insulin (5 lg/ml) without EGF and FGF2, accelerated the trans-differentiation process for 1205Lu and OM431 cells along the neuronal pathway. Indeed, well pronounced growth of neurites that contained both Nestin, a neuroprogenitor marker, and doublecortin, a neuronal marker, was detected in 1235Lu and OM431 metastatic melanoma cells (Fig. 9) . The presence of an additional neuron-specific marker, beta-3-tubulin, was also observed (Suppl. Figure 5a ). These events occurred in concert with nuclear translocation of phospho-ERK and STAT3 (Fig. 9 , Suppl. Figure 5a ). Even at substantially low levels, compared to young neurons, growth of neurites in 1205Lu and OM431 cells was significant in the neuronal differentiation media (Fig. 9e, f; Suppl. Figure 5a) . A role of Rac1 in neuronal growth by regulating the cytoskeleton of the growth cone has been well established [60, 61] . Furthermore, regulation of melanoma cell growth, cell shapes and motility by Rac1 was also observed [54] . We used previously established culture of 1205Lu cells stably transfected with dominant negative Rac1N17 [62] in differentiation experiments. In the present study we observed substantial suppression of neurite growth in these melanoma cells after transfer to differentiation media (Fig. 9d, e) .
In contrast to the neuronal pathway of trans-differentiation for 1205Lu and OM431 cells, HHMSX melanoma maintained compact adherent spheroid structures in differentiation media without apparent neurite growth, but with increasing expression of CD133, a cancer stem cell marker (Suppl. Figure 5b-d) . A375 cells also survived in serum-free media with insulin, but exhibited a restricted ability for trans-differentiation (Suppl. Figure 5f ).
Discussion
During embryonic development, melanoblasts, the precursors of melanocytes, emerge from a subpopulation of the neural crest stem/progenitor cells (which give also rise to the peripheral nervous system and several non-neural cell types) and migrate along a dorsolateral pathway to colonize skin. Melanoblasts populate the skin epidermis and further differentiate into melanocytes. Continuous melanocyte production in animal skin is dependent on the activity of the self-renewing melanoblasts (also known as melanocyte stem cells or regional neural crest stem cells) and of their differentiation into melanocytes. Melanoblasts are preferentially localized in the hair follicles of animal skin [63] . In human skin, where hair follicles are relatively sparse, melanoblasts also reside in the basal level of the interfollicular epidermis [64] . A rate of melanocyte proliferation was substantially downregulated in the process of differentiation: terminally differentiated melanocytes are longliving cells with rare cell divisions (one every 143 days) [20] . On the other hand, melanoblasts, maintain multipotency: under specific conditions they can differentiate not only into melanocytes but also into neurons and glial cells [42] . Interestingly, a recent study demonstrates direct conversion of human fibroblasts to functional melanocytes by a combination of over-expressed transcription factors, MITF, SOX10 and PAX3 [65] .
Melanomas originate through somatic mutagenesis and epigenetic regulation during melanoblast differentiation into melanocytes and from young, actively proliferating melanocytes [37, 66] . Transcription factor MITF plays a central role in the terminal differentiation of melanocytes through a positive control of the tyrosinase gene expression and melanin production [67] and through a suppressive role for genes controlling stemness, OCT4 and NANOG [68] . The characteristic features of melanoma lines used in the current study, which were established from different phases of tumor development, demonstrated both differences and certain similarities. We observed average to high levels of the expression of SOX2 and NANOG, master pluripotency regulators, in all melanoma lines used in this study. A recent publication highlighted the critical role of SOX2 in regulation of self-renewal and tumorigenicity of human melanoma-initiating cells [69] . On the other hand, Nestin, an early neuroprogenitor marker, was almost completely absent in radial growth phase WM35 melanoma cells and in 60 % of a population of WM793 vertical growth phase melanoma cells, but was detected in all metastatic melanoma lines used in this study. SOX2 and Nestin coexpression was previously discovered in numerous samples of metastatic melanomas [70] . Taken together, our data highlighted well pronounced match of expression patterns of biomarkers in melanoma cells and in NSC. Comparable expression levels of FAS and DR5 for NSC and some melanoma lines underlined this similarity. In contrast, an additional stem cell marker CD166/ALCAM was not detectable in NSC, melanocytes, WM35 RGF and FEMX low metastatic melanoma cells, but was strongly expressed in A375 melanoma cells, emphasizing CD166 linkage with melanoma progression [32] .
On the other hand, surface expression of NGFR, a potential marker of melanoma initiating cells [28] , was found at low levels (NSC; WM35 and FEMX), intermediate levels (A375 and OM431) and high levels (WM793, 1235Lu and WM9). Interestingly, intracellular protein expression of NGFR was very high in WM35, A375, OM431 and HHMSX cells. CD133 surface expression was found at high levels only in NSC, at intermediate to low levels in FEMX and 1205Lu and at very low levels in WM35, WM793, A375, OM431 and HHMSX cells. CD133 total protein expression was also substantially higher than surface expression in WM35, WM9, WM793, FEMX, A375, OM431 and HHMSX cells, suggesting regulation of protein trafficking of receptors in these cells. Indeed, a role of FAP-1 for negative regulation of FAS receptor surface expression is well known [71, 72] . It is likely that a similar Fig. 9 a Neuronal differentiation of NSC (10 days) in serum-free differentiation media supplemented with B27 that contains insulin (5 lg/ml). b and c Neuronal pathway of differentiation of 1205Lu and OM431 melanoma cells (10 days) in the differentiation media with the B27 supplement. Confocal images were developed after immunostaining using rabbit polyclonal Ab to SOX2, a pluriopotency marker (green) and monoclonal antibody to Nestin, an early neuroprogenitor marker; polyclonal Ab to doublecortin, a neuronal marker (green) and monoclonal Ab to Nestin (red); polyclonal Ab to phospho-ERK (green) and PI, polyclonal Ab to STAT3 (green) and PI (red). Bar = 50 lm. Images from independent experiments: (I), (Ia) and (Ib); (IIIa), (IIIb) and (IIIc). d 1205Lu cells, which were stably transfected with dominant-negative Rac1N17, after 10 days in differentiation media. e and f Relative length of Nestin-containing neurites before (day 0) and 10 days after differentiation was determined using 5 random areas of images. Error bars represent mean ± SD (p \ 0.05, Student's t test). Stars indicate significant difference in relative neurite length for normal 1205Lu cells at days 0 and 10; double star indicates significant difference between control and Rac1N17-transfected 1205Lu cells at day 10 mechanism can regulate NGFR surface expression, due to a similar NGFR/FAP-1 intracellular interaction [73] .
Many investigations including our previous study demonstrated enrichment of a spheroid culture of glioblastoma U87MG by cancer stem cells after several passages [51, 59] . A similar approach was used for the isolation of a tumorigenic subpopulation with stem cell properties in melanoma, which also exhibited the ability for mesenchymal differentiation [47] . We observed relatively low CD133 expression on the cell surface of melanoma spheroids, which was modestly increased only in the HHMSX spheroid culture. The absence of enrichment of CD133 and CD20 biomarker expression in melanoma spheroid cultures was highlighted in a previously published paper [74] . Recently OCT4 overexpression driven by lentiviral OCT4 was used for infection of WM35 cells resulting in their dedifferentiation, which was associated with cancer stem cell phenotypes including significant increase of expression levels of endogenous NANOG and KLF4, as well as stem cell biomarkers, NGFR and ABCB5, but not CD133. Increased tumorigenicity of WM35-OCT4 cells was also observed [75] . In the current study we have not targeted identification of new biomarkers for melanoma cells; instead we have highlighted a differential ability of distinct melanoma lines to grow as spheroid cultures.
The central question of this study is regarding the plasticity of the neuronal pathway of trans-differentiation in melanoma. We did not observed dedifferentiation of metastatic melanoma cells via overexpression of the pluripotency factors and the subsequent induction of a new differentiation program. Instead, we observed a massive trans-differentiation along the neuronal pathway in the metastatic melanoma cells, 1235Lu and OM431, in the restricted culture conditions. The clinical cases of malignant melanomas with neural differentiation were previously observed [76, 77] . In contrast, HHMSX cells demonstrated cell survival, increased total protein expression of CD133, a marker for cancer stem cells, and the absence of neural differentiation after culturing in serum-free media supplemented with insulin. Furthermore, several melanoma lines, including WM793, died in these conditions, probably due to non-balanced autophagy followed by necrosis. In this respect, it was interesting to compare the resistant 1205Lu cells and the sensitive WM793 cells. A recent publication has demonstrated significant levels of the protective autophagy in metastatic 1205Lu cells, compared to the parent primary WM793 cells [78] .
One of the aims of the present study was to further investigate the apoptotic and necroptotic death signaling events among melanoma cell lines from different stage of tumor progression. Similar to NSC, FEMX melanoma cells with high RIP1 kinase levels and total TNFR1 levels responded by development of both necroptosis and apoptosis after TNF?CHX treatment, while WM793 cells demonstrated a proapoptotic commitment, which was also observed among other melanoma lines, excluding HHMSX. Taken together, our results reveal that necroptosis could be induced at substantial levels in two melanoma lines, FEMX and OM431, while, in general, the mitochondrial pathway of apoptosis is prevalent in melanomas. Involvement of necroptotic signaling in induction of cell death, at least in some melanoma lines, may constitute a possibility for regulation of death in these resistant to treatment cancer cells.
In summary, all melanoma lines used in the current study express well pronounced levels of pluripotency markers, SOX2 and NANOG. There was a trend for increasing expression of the early neuroprogenitor markerNestin, during melanoma progression. Most of melanoma lines, especially WM35, FEMX and A375, could grow as spheroid cultures in serum-free media with supplements, similar to NSC. Such growth, beside well-known increase in tumorigenicity, was accompanied by significant downregulation of surface expression levels of FAS, DR5 and NGFR1 and the corresponding decrease in death levels after signaling via FAS and DR5. Finally, it was possible to induce neural trans-differentiation of 1205Lu and OM431 cells confirmed by the expression of neuronal markers, doublecortin and b3-Tubulin, and by intensive neurite growth directed by RAC1. These data indicate a relative plasticity of differentiated melanoma cells and the possibility for their trans-differentiation without ectopic overexpression of OCT4 and OCT4-induced dedifferentiation.
In conclusion, we observed four types of response of melanoma cells to restricted culturing conditions (serum-free serum ? insulin): (i) cancer cell death probably via destructive autophagy (WM793) [78] , (ii) maintenance of cancer cell stable differentiation (A375) or (iii) trans-differentiation (1205Lu), and (iv) cancer cell survival with increased proportions of the stem cell subpopulation (HHMSX). As a result of such trans-differentiation melanoma cells can acquire some characteristic features of young neurons and neuroblastoma cells. We hypothesized that the ability to differentiate for 1205Lu and OM431 cells was correlated with the maintenance of sensitivity to the induction of cell death; in contrast, the maintenance of the spheroid phenotype by HHMSX cells was linked with their resistance to cell death.
Materials and methods

Reagents
Fibronectin, laminin and polyornithine were obtained from Sigma-Aldrich (St. Louis, MO, USA). PI3 K inhibitor LY294002, IKK inhibitor BMS345541, MAPK p38 inhibitor SB203580, and pan-caspase inhibitor zVAD-fmk were purchased from Calbiochem (La Jolla, CA, USA). Human soluble Killer-TRAIL (recombinant), Fas-Ligand (recombinant), anti-human TRAIL and anti-human FasLigand antibodies were purchased from Alexis (San Diego, CA, USA); human TNFa, IL6 and IL8 were obtained from R&D Systems (Minneapolis, MN, USA).
Human embryonic neural stem cells (NSC)
Cryopreserved human embryonic neural stem cells (NSC) were obtained from Gibco/Life Technologies (Carlsbad, CA, USA) as a commercially available product (N7800-200). The cells were derived from NIH approved H9 (WA09) human embryonic stem cells. The cells were plated in 6-well culture plates coated with fibronectin and incubated at 37°C in complete growth medium NSC/SFM, which contained serum-free DMEM/F12 supplemented with 2 mM GlutaMAX, bFGF (20 ng/ml), EGF (20 ng/ml) and StemPRO neural supplement (2 %). All reagents were obtained from Gibco/Life Technologies (Carlsbad, CA, USA).
Neuronal differentiation of human neural stem cells in culture
Neural stem cells were plated on polyornithine-and laminin-coated 6-well plates, which contained similarly coated cover slips, in complete NSC/SFM. After 2 days, neuronal differentiation was initiated by neuronal differentiation media, which contains Neurobasal medium, B-27 Serum-free supplement (2 %) and 2 mM GlutaMAX (Gibco/Life Technologies). Medium was changed every two days. A neuronal phenotype was confirmed using immunofluorescence detection 6-10 days after initiation of differentiation.
U87MG glioblastoma cells
Human glioblastoma (U87MG or HTB-14, ATCC) cell line was obtained from ATCC (Manassas, VA, USA). Cells were cultured in DMEM supplemented with 10 % FBS and 1 % pyruvate. For neurosphere formation, U87MG glioblastoma cells were cultured in the serum-free media DMEM/F12 supplemented with 2 mM GlutaMAX, bFGF (20 ng/ml), EGF (20 ng/ml) and B27 supplement (2 %). All reagents were obtained from from Gibco/Life Technologies (Carlsbad, CA, USA). After 15-20 passages, spheroid U87MG culture was significantly enriched by CD133
? cells. For immunocytochemical analysis U87MG spheroids were attached to fibronectin matrix.
Human melanoma cells
Human melanoma cell lines 1205Lu, WM9, WM35, WM793 [38] , FEMX, HHMSX [39] , OM431 and A375 were maintained in DMEM medium supplemented with 10 % fetal bovine serum, L-glutamine and antibiotics. Cells were grown at 37°C with 5 % CO 2 . A375 cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). For spheroid formation, melanoma cells were plated in 6-well culture plates and incubated at 37°C in complete growth medium NSC/SFM, which contained serum-free DMEM/F12 supplemented with 2 mM GlutaMAX, bFGF (20 ng/ml), EGF (20 ng/ml) and StemPRO neural supplement (2 %) that also included insulin (5 lg/ml). All reagents were obtained from from Gibco/Life Technologies (Carlsbad, CA, USA). For induction of neuronal pathway of differentiation, melanoma cells were cultured in differentiation media as described above for neuronal differentiation of neural stem cells.
Immunocytochemistry analysis
Cells were fixed with 4 % paraformaldehyde in PBS for 20 min. Immunochemical staining was performed using standard protocols. Cells were stained for the undifferentiated NSC marker, Nestin (using mAb from Millipore, Temecula, CA, USA), and for the neuronal markers, doublecortin and beta3-Tubulin, using Abs from Cell Signaling (Danvers, MA, USA). Additional Abs against biomarkers include: SOX2, GFAP, STAT3, phospho-ERK (Cell Signaling), CD133 (Miltenyi Biotec, Auburn, CA) and COX2 (Cayman Chemical, Ann Arbor, MI). The secondary Abs were Alexa Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit IgG from Molecular Probes/Life Technologies (Carlsbad, CA, USA). A laser scanning confocal microscope (Nikon TE 2000 with EZ-C1 software, Tokyo, Japan) was used for immunofluorescence imaging.
FACS analysis of surface and total levels of cell receptors
Surface levels of NGFR, TRAIL-R2/DR5, FAS, TNFR1, TNFR2, CD133 and CD166 on human cell lines were determined by staining with a PE-conjugated Abs to the corresponding human proteins (R&D System, Minneapolis, MN, USA; eBioscience, San Diego, CA, USA; and Miltenyi Biotec, Auburn, CA, USA) and subsequently by use of flow cytometry. For detection of total levels of antigen proteins, cells were fixed and permeabilized using 0.5 % NP40 in PBS. PE-conjugated nonspecific mouse IgG1 was used as an immunoglobulin isotype control. A FACS Calibur flow cytometer (Becton Dickinson, Mountain View, CA, USA) and the CellQuest program were used to perform flow cytometric analysis. All experiments were independently repeated 3-5 times.
Cell death studies
For induction of apoptosis, cells were exposed to small molecule inhibitors of cell signaling pathways. Furthermore, apoptosis was induced by TRAIL, TNFa, FasL and CHX alone or in combination. Apoptosis levels were then assessed by propidium iodide (PI) staining and quantifying the percentage of hypodiploid nuclei (pre-G1) using FACS analysis or by quantifying the percentage of Annexin-V-FITC-positive and PI-positive cells (BD Pharmingen, San Diego, CA), performed on a FACS Calibur flow cytometer (Becton Dickinson) using the CellQuest program. Trypan blue exclusion test was used for determination of cell viability and total death levels. Pan-caspase inhibitor, zVAD-fmk (40 lM) and RIP1 kinase inhibitor, Necrostatin-1 (40 lM), were added to cell cultures 1 h before induction of death signaling.
Western blot analysis
Total cell lysates (50 lg protein) were resolved on SDS-PAGE, and processed according to standard protocols. The monoclonal antibodies used for Western blotting included: anti-b-Actin (Sigma, St. Louis, MO, USA); anti-caspase-3 (Cell Signaling, Danvers, MA, USA). The polyclonal antibodies used included anti-phospho-p44/p42 MAP kinase (T202/Y204) and anti-p44/p42 MAP kinase; anti-phospho-JNK and anti-JNK1-3; anti-phospho-AKT (S473) and anti-AKT; anti-phospho-p65 (S536) NF-jB and anti-p65 NFjB, anti-phospho-STAT3 (Y705) and anti-STAT3; antip53, anti-SOX2, anti-NANOG, anti-caspase-9, anti-RIP1 and anti-PARP-1 (Cell Signaling, Danvers, MA, USA); anti-FAS, and anti-DR5/TRAIL-R2 (Alexis, San Diego, CA, USA).The secondary antibodies were conjugated to horseradish peroxidase; signals were detected using the ECL system (Thermo Scientific, Rockford, IL, USA).
ELISA for IL6, IL8, and TNFa detection in the media
The ELISA kits for detection of human cytokines were purchased from R&D System, Minneapolis, MN, USA and eBioscience, San Diego, CA, USA.
Statistical analysis
Data from four to five independent experiments were calculated as means and standard deviations. Comparisons of results between treated and control groups were made by the Students' t tests. A p value of 0.05 or less between groups was considered significant.
